Introduction
The bidentate phosphine 2,3-bis(diphenylphosphino)maleic anhydride (L2) 1, 2 and its derivatives [3] [4] [5] ( Fig. 1 ) represent a class of ligands with low redox potentials. These potential differ depending on the heteroatom in the five-membered ring (L1: −1.37 V, L2 −1.17 V). As a result of this property some of their transition metal complexes show an electron transfer from the metal ion to low lying, unoccupied acceptor states of the ligands; e.g. [(L2)Co(CO) 3 ] 6 and [(L3)Mn(CO) 4 ]. 7 Assuming that cobalt and manganese would have the formal oxidation state 0 these compounds have 19 valence electrons (VE) located at the metal atoms. Indeed as a consequence of the redox properties of the phosphine ligands one electron is transferred from the metal atom onto L2 or L3, respectively, leading to cobalt and manganese in oxidation state +I (18 VE) with the charge balanced by the resulting L2 − or L3 − radical anions. 4 ] (M = Ni, Pd, Pt) with two equivalents of 2,3-bis(diphenylphosphino)-N-methyl-maleimide (L3) lead to complexes with the composition [M(L3) 2 ]. 8 For M = Ni the metal atom is tetrahedrally coordinated and this compound is diamagnetic. Accordingly nickel has the oxidation state 0 and both ligands L3 are neutral. In case of palladium and platinum paramagnetic compounds are formed showing square-planar coordination typical for Pd 2+ and Pt 2+ ions (d 8 configuration). Obviously two electrons of the metal atoms were transferred onto the two ligands. In this context these complexes can be described as [M 2+ (L3 − ) 2 ]. Similar electron transfer processes have also been described for various complexes containing so-called non-innocent ligands. [9] [10] [11] [12] [13] Examples for these ligands are indigo, 14 2,2-azobispyridine, 15 iminoquinones, 16, 17 phenanthroline, 18 o-iminosemiquinones 19, 20 and o-iminobenzosemiquinonato.
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Another characteristic of this class of ligands is their tendency of undergoing various substitution and addition reactions in the coordination sphere of transition metals. [23] [24] [25] [26] [27] [28] In this article we report on the coordination behavior of L1 with coinage metal ions and -in analogy to previous studies 8 -also palladium. Some of the new compounds were also investigated with respect to their magnetic properties and modeled by quantum chemical methods.
Results and discussion
Reactions of copper(I) acetate or silver cyclohexylthiolate with bis(diphenylphosphino)-N-phenyl-maleimide (L1) in boiling toluene lead to the formation of neutral mononuclear complex [M(L1L1′)] (M = Cu: 1; Ag: 7). These unexpected results can be explained by redox processes taking place at high temperatures: In case of 1 the initial copper(I) acetate is partly oxidized to copper(II) acetate whereas part of L1 is reduced. The driving force for the formation of 7 might be the oxidation of the cyclohexylthiolate anions to dicyclohexyldisulfide.
An analogous gold compound could not be synthesized yet. The two compounds 1 and 7 show similar molecular structures (Fig. 2) where one metal atom is surrounded by the four phosphorus atoms of two ligand molecules in a distorted tetrahedral coordination sphere.
As stable compounds with copper or silver in oxidation state 0 have not been confirmed yet (and most probably do not exist), ‡ we can surely assume that the metal atoms in 1 and 7 are in oxidation state +I. This indicates that one of the ligands has been reduced to the radical mono-anion L1′, which could be described by the resonance formulae shown in Fig. 3 .
For comparison several more copper, silver and also gold complexes with L1 were synthesized, in which the ligand remains in its neutral state. With copper(I) acetate the tetranuclear compound [(CuOAc) 4 Additionally we performed a reaction analogous to the formation of 1 offering a 1 : 1 mixture of the ligands L1 and 2,3-bis(diphenylphosphino)maleic anhydride (L2) where we could isolate a neutral mononuclear complex [Cu(L1L2′)] (6, Fig. 5 ).
As in 1 this compound shows a copper atom which is coordinated by the four phosphorus atoms of the two ligands in a highly distorted tetrahedral arrangement.
Using silver nitrate the reaction with pure L1 yields another cationic mononuclear complex, [Ag(L1) 2 ]NO 3 (8) . Analogous complexes could also be synthesised from gold(I) sources: [Au(L1) 2 ]X (X = Cl − : 9; X = PF 6 − : 10, Fig. 6 ). In these three compounds the cations once more consist of a metal(I) ion tetrahedrally coordinated by the phosphorus atom of two L1 ligands. Just recently a digold complex [(AuCl) 2 L1] was published, where the two gold(I) ions show the typical linear coordination. 29 In addition we also investigated the coordination behavior of palladium with L1. Starting from the palladium(0) compound [Pd(Ph 3 ) 4 ] the neutral mononuclear complex [Pd(L1′) 2 ] (11, Fig. 7, top) is formed. An analogous species (A) has been described in the past using (Ph 2 P) 2 (C 4 O 2 N)Me (L3) as ligand. 7 In 11 the palladium atom is surrounded by the four phosphorus atoms in a square planar coordination sphere typical for palladium in oxidation state +II. This means that in 11 the two ligands are present in their reduced anionic form L1′. Fig. 7, middle) . In the presence of KPF 6 the mononuclear complex [Pd(L1) 2 ](PF 6 ) 2 (13, Fig. 7, bottom) is formed. Also 12 and 13 show the typical square planar coordination of palladium(II) and once more the dication in 13 is very similar to the neutral compound 11.
The free ligand L1 as well as all metal complexes 1-13 could be isolated as crystalline materials and their structures (0) compounds [35] [36] [37] [38] were published, but in more recent publications none of these compounds is mentioned any more (in one case even the original authors themselves doubt their previous report 39 ). Standard textbooks of inorganic chemistry also do not note any stable copper(0) or silver(0) compounds. 40, 41 Instable copper carbonyls have been detected captured in solid argon or neon matrix. 42, 43 were determined by single crystal X-ray diffraction. In some cases the compounds crystallize in different packings mainly because of different amounts of incorporated solvent molecules. Compound 1 crystallizes in one reaction batch in two packing variations once in the orthorhombic space group P2 1 2 1 2 1 with the composition 1·2toluene (1a) and secondly in the triclinic space group P1 as 1·toluene (1b). Also for 2 two different kinds of crystals are formed: monoclinic crystals in space group P2 1 having the composition 2·DCM· 1 2 cyclohexane (2a, DCM = dichloromethane) and crystals in the triclinic space group P1 as 2·2DCM (2b). Furthermore for 7 a monoclinic solvent-free version in space group C2/c (7a) and a triclinic packing in space group P1 with one additional toluene mole- cule (7b, with three molecules in the asymmetric unit) could be isolated. Species 9 can be crystallized in a triclinic version in P1 as 9·2toluene (9a) and monoclinic in C2/c as 9·3DCM (9b). Compound 10 always crystallizes from one reaction batch in two modifications: triclinic in P1 (10a) and monoclinic in P2 1 /n (10b) both having the same composition 10·2 1 2 DCM. Also for 11 two different kinds of crystals are yielded, one in the monoclinic space group C2/c without additional solvent molecules (11a) the other one with one additional molecule of DCM in the space group Cc (11b). For 12 even three kinds of crystals were found, which grow simultaneously from one reaction batch: a trigonal form in space group R3 (12a), a monoclinic one in P2 1 /c (12b) and a triclinic form in P1 (12c). Finally also 13 crystalizes as two different solvent adducts: 13·2acetone (13a) and 13·3DCM (13b). Detailed crystallographic and refinement data of L1 and 1-13 are given in the electronic supplement in Table S1 . † One hint, that ligand L1 got reduced in some reactions, are the bond lengths in the maleic imid part. Selected bond lengths of L1 and 1-13 according to Fig. 8 are summarized in Table 1 .
As highlighted by bold italic numbers in Table 1 in some of these compounds the bond lengths of the ligands differ significantly from those found in the free ligand. In agreement with the resonance formulae shown in Fig. 3 Looking at the data for 1a and 1b the bond lengths suggest that in 1a the complexes [Cu(L1L1′)] (1) are ordered in the packing with defined positions for L1 and L1′. In contrast the bond lengths in 1b are between those of pure L1 and L1′ indicating that the ligands are disordered while one can still assume that each complex should be neutral with composition [Cu(L1L1′)]. The same phenomena is found for 7a and 7b, both containing the neutral complex [Ag(L1L1′)]. For 7b the two ligands have significantly different bond lengths indicating an ordered packing with precise positions for L1 and L1′.
On the other hand in 7a the [Ag(L1L1′)] complex is located on a 2-fold axis (the refined asymmetric unit consists of half a molecule) and the bond lengths in the ligand are once more an average between L1 and L1′. In case of the palladium complexes in 11a and 11b the distances clearly show that both ligands have been reduced and 11 should be formulated as a palladium(II) dication coordinated by two anionic L1′ ligands.
Compound 6 crystallizes with three molecules in the asymmetric unit. In case of this mixed complex where two different ligands are present the bond lengths indicate that L1 is present in its neutral form whereas L2 has been reduced to the analogous anion L2′.
For all other complexes -the copper compounds 2-5, the silver species 8, the gold complexes 9 and 10 § as well as the palladium compounds 12 and 13 -the bond lengths indicate that the ligands are present in their original non-charged state and also the oxidation states of the metal ions did not change. This is also in agreement with the anions which are present in these compounds. On the other hand no counterions were found in 1, 7 and 11 during the refinement of the X-ray data leading to the statement that these complexes must be neutral.
Another method to verify the thesis that in some cases L1 has been reduced is to look at the significant C-O vibrations in the IR spectra. The wavenumbers of the C-O vibration bands in IR spectra of L1, L2 and 1-13 are summarized in Table 2 .
The pure ligand L1 shows one strong signal at 1711 cm As the pure ligand L1 is intensively orange in colour and L2 is yellow, all compounds 1-13 are also coloured. The colours of L1, L2 and 1-13 are listed in Table 3 ; absorption spectra of solid samples of these compounds in the UV-VIS-NIR range are shown in the supplement (Fig. S1-S13 †) .
Especially compounds 1, 6, 7 and 11, which we suppose having ligands with unpaired electrons, are intensively dark in colour, a phenomenon typical for radicals. These effects can best be seen by comparing 7 with 8 or 11 with 13, respectively. Looking at the structures of these pairs, the geometry and binding parameters of the complexes are very similar. In 7 and 8 there is one silver atom tetrahedrally surrounded by the four phosphorus atoms of the two ligands. Compound 7 -with the radical ligand L1′ -is dark red, whereas 8 -with two neutral ligands L1 and the charge being compensated by a nitrate anion -is bright orange. The same differences can be observed in the two palladium complexes, which both show a square planar coordination of the metal: the neutral compound 11 has a dark red to brown colour whereas the ionic compound 13 is yellow. These effects can also be seen in the solid state UV-VIS absorption spectra (Fig. 9) where the neutral compounds have significant absorption at higher wavelengths compared to the ionic ones. Looking at the spectra of 7 and 8 Table 1 . § All X-rayed crystals of 10a and 10b were found to be twinned. For 10a only an uncomplete (87%) low quality data set could be obtained. This might be the reason for the large variations of the bond lengths for this compound compared to all other structures published in this paper. the absorption of 7 is red shifted (Fig. 9, top ). Comparing 11 with 13, (Fig. 9, bottom) the spectrum of compound 11 shows a broad absorption signal in the near IR region cantered at 930 nm.
Magnetic properties
The static magnetic behavior of complex [Cu(L1L1′)] (1) was studied between 2 and 300 K in a field of 1000 Oe (Fig. 10) . At 2 K the value of χT (0.30 cm 3 mol −1 K) is below the one expected for a spin state of S = 1/2 with one unpaired electron localized on one of the ligands. With increasing temperature χT displays a small linear increase. In agreement with these observations the data could be fitted by the PHI program 30 (eqn (S1) in ESI †) with the parameters S = 1/2, g = 1.79 and a TIP of 4.4 × 10 −4 cm 3 mol −1 . The simultaneous fit of the magnetization data (Fig. S14 in ESI †) taken at 2 K, 3 K, 4 K, 6 K, 10 K and 25 K display some slight deviations especially for the data at lower temperature and higher fields. The static magnetic behavior of complex [Ag(L1L1′)] (7) was studied between 2 and 150 K in a field of 5000 Oe (Fig. 11) . At 2 K the value of χT (0.36 cm 3 mol −1 K) is close to the one expected for a spin state of S = 1/2 with one unpaired electron localized on one of the ligands. With increasing temperature χT displays a small linear increase. In agreement with these observations the data could be fitted by the PHI program 30 (eqn (S1) in ESI †) with the parameters S = 1/2, g = 1.953 and a TIP of 4.27 × 10 −4 cm 3 mol −1 . Above 150 K the paramagnetic signal of the sample continuously changes to a diamagnetic one due to the significant diamagnetic contribution of the two ligands (χ dia = −910 10 −6 cm 3 mol −1 ) which causes centering problems and makes an evaluation of the data unreliable. (9) 119.2(6), 120.1(6), 120.2 (7), 121.5 (5) 138.5 (7), 139.0(7), 139.0 (7), 140.6 (7) 181.7 (6) The static magnetic behavior of complex [Pd(L1′) 2 ] (11) was studied between 2 and 300 K in a field of 1000 Oe (Fig. 12) . At room temperature the value of χT (0.68 cm 3 mol −1 K) is distinctly lower than the one expected for a spin state of S = 1 with two non-interacting unpaired electrons localized on each of the ligands. With decreasing temperature χT decreases down to a value of 0.44 cm 3 mol −1 K at 2 K indicative for an antiferromagnetic exchange interaction. In accordance, magnetization measurements at 2 K (Fig. S15 in ESI †) do not show saturation up to a field of 7 T with a maximum value of M H = 1.43N A µ B which is also well below a theoretical M S = 2 for a spin state of S = 1.
Quantum chemical calculations
For two of the complexes (1a and 7b) the two ligands of identical composition exhibit different structure parameters. One is apparently reduced while the other is not. This is unexpected, at least if considering a single molecule in the gas phase. One might rather have expected a partial reduction of both ligands, resulting from maximum delocalization of the unpaired electron. For clarification and quantification of the reasons for this symmetry breaking, quantum chemical calculations 31 were carried out with density functional techniques (B3-LYP functional, 32 polarized split-valence basis sets 33 ). For model- Fig. 9 Comparison of solid state UV-VIS spectra; top: 7 and 8, bottom: 11 and 13. ling the electrostatic influence of neighbored molecules in the crystal the conductor-like screening model (COSMO) 34 was used in some of the calculations; if applied it is always explicitly noted. We start with considering the free ligands L1 and L2. Their LUMOs are shown in Fig. 13 . They are anti-bonding with respect to the C B -C B bond and bonding with respect to the C B -C A bonds. Consequently, the latter are shortened upon reduction while the former are elongated. This effect is also found in the experimental solid state structures for 1a, 6, 7b and 11 (see Table 1 ). The changes amount to ca. 6 pm in both cases, see also Table 4 together with the number of unpaired electrons on both ligands, as resulting from a Mulliken population analysis. The shorter type of C B -C B distances amounts to ca. 135 pm, the longer type to ca. 142 pm, very similar to the measured data, 132 to 135 pm and 140 to 142 pm, and also to that for the free ligands in the respective oxidation state, see Fig. 13 . In particular, the asymmetric shapes of 6, 1a and 7b are preserved. The numbers of unpaired electrons at the ligands are well correlated to the C B -C B and C B -C A distances: the unpaired electron always fully resides on the ligand with the longer C B -C B distance and the shorter C B -C A distances. The asymmetric form of [Cu(L1L2′)] (6) -with L2′ being reduced and incorporating the unpaired electron -is expected due to the higher absolute value of the electron affinity of L2, see Fig. 13 . For [Cu(L1L1′)] (1) and [Ag(L1L1′)] (7) in contrast, the preservation of the asymmetric structure after its optimization (with COSMO) is a bit surprising. However, as exemplarily calculated for 1, the energetic preference of the asymmetric structure (A as found in 1a) over a symmetric structure (S in 1b) amounts to 15 kJ mol −1 ; S was obtained by interpolation between the two variants of A (CuL1L1′ and CuL1′L1). We discuss this preference by comparing the total energy and the contribution from the interaction with the neighbored molecules in the crystal within COSMO, E int , for three cases: structures A, and S, and a minimally distorted symmetric structure S′ (derived from S), for which the two C B -C B distances differ by only 0.5 pm. For S, the singly occupied HOMO is the positive linear combination of the LUMO of L1 at the right and L1 at the left hand side of the molecule. The unpaired electron thus is equally distributed to the two ligands; for S, E int amounts to 122 kJ mol −1 . For S′ in contrast, the unpaired electron is located solely at the ligand with the slightly (0.5 pm) longer C B -C B distance. The resulting polarity of the molecule is energetically favorable for the interaction with the neighbor molecules: E int increases by 25 kJ mol −1 . However, localization at only one of the ligands is unfavorable for the energy of the molecule itself. The total energy, which is the sum of the energy of the molecule and E int , is worse for S′ than for S by 4 kJ mol −1 . Thus, the energy gain by E int obviously is (over) compensated by an energy loss due to the higher localization of the unpaired electron. Relaxation of the geometric structure of S′ finally yields the antisymmetric structure A. This comes along with a gain in energy by 19 kJ mol −1 in the total energy.
This gain is solely due to structure relaxation; the interaction energy with the neighbored molecules is almost constant (E int changes by only 0.1 kJ mol −1 ) and yields the overall preference of 15 kJ mol −1 of A over S. In contrast, the analogous calculation with the environment interaction being neglected (by switching off COSMO) yields a slight preference of 3.5 kJ mol −1 for the symmetric species; moreover, in this case
A no longer is a minimum but converges to S when performing a structure optimization. The observed asymmetry thus is not a simple effect of crystal packing, but the result of a fragile balance of energy needed for localizing the electron at one side and energy gained by interaction with the neighbor molecules in the crystal. If the latter plus the energy gain by subsequent structure relaxation effects are larger than the former, the molecule is asymmetric despite two identical ligands.
Conclusions
Using bis(diphenylphosphino)-N-phenyl-maleimide (L1) in coordination chemistry of coinage metals or palladium, respectively, one can isolate neutral mononuclear complexes were the ligand is reduced to form the anionic monoradical L1′: [Cu(L1L1′)] (1), [Ag(L1L1′)] (7) and [Pd(L1′) 2 ] (11). These compounds and a series of comparable complexes in which the ligand did not accept an electron were characterized by single crystal X-ray analysis. The nature of the reduced ligand in 1, 7 and 11 could be verified by several indicators: the bond lengths in L1 and L1′ show significant differences, the CO vibration signals in IR spectra are shifted and also magnetic measurements proved the existence of unpaired electrons. Also quantum chemical calculations show the presence of unpaired electrons localized on the ligands in compounds 1, 6, 7 and 11. Furthermore calculations for 1 show a small but significant preference for the asymmetric arrangement, i.e. localization of the electron on one side of the complex, in contrast to symmetric arrangement with the electron being delocalized on both ligands.
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